Skeletal muscle insulin resistance is characterized by blunted insulin-stimulated glucose uptake and metabolism. Insulin resistance is a co-morbidity of overweight and obesity and is a risk factor for the development of type 2 diabetes and CVD. It has been well documented that insulin-stimulated glucose transport is markedly blunted in skeletal muscle of obese individuals and in patients with type 2 diabetes (Dohm et al. 1988) . Since skeletal muscle is the primary site of glucose disposal in the human body, the inability of this tissue to take up glucose in response to insulin most probably explains the reduced in vivo disposal of glucose observed in insulin-resistant individuals. It is well established in the literature that the accumulation of intramyocellular lipids is associated with insulin resistance (McGarry, 2002) . The purpose of the present paper is to show the link between intramyocellular lipid accumulation and skeletal muscle insulin resistance. Evidence will be provided that human skeletal muscle insulin resistance is a result of defects in the insulin signalling cascade that are mediated by protein kinase C (PKC) and that intramuscular lipids activate PKC. In addition, a hypothesis will be provided as to why lipids accumulate in insulin-resistant skeletal muscle.
Relationship of skeletal muscle insulin resistance and intramyocellular lipid accumulation
It is well established that intramyocellular triacylglycerol accumulation is associated with skeletal muscle insulin resistance (McGarry, 2002) . However, it is unlikely that triacylglycerols are responsible for reduced skeletal muscle insulin action, but it is more likely that they are an inert marker of other lipid intermediates known to suppress insulin sensitivity. An increase in the intramyocellular concentration of lipid intermediates such as fatty acyl-CoA, ceramides and diacylglycerols (DAG) not only correlate with insulin resistance, but also directly and indirectly alter insulin signalling (Schmitz-Peiffer, 2002) . Considerable evidence linking increased skeletal muscle lipid content to insulin resistance has been derived from animal studies employing acute and chronic high-fat diets (Cooney et al. 2002) . Fatty acid-induced insulin resistance appears to occur in concert with increased fatty acyl-CoA (Cooney et al. 2002) . Moreover, insulin sensitivity is restored by treatments that reduce intramyocellular lipid accumulation (i.e. low-fat feeding, fasting and exercise; Oakes et al. 1997) . Similar findings have been observed in human subjects. Bachmann et al. (2001) have reported marked increases in intramyocellular lipid content and reductions in insulin sensitivity following intravenous lipid infusion. Ellis et al. (2000) have demonstrated a negative correlation between insulin-mediated glucose disposal and fatty acyl-CoA content in skeletal muscle from a group of older men. Blunted insulin-mediated glucose disposal has been observed in skeletal muscle from moderately-and morbidly-obese patients ( Fig. 1(a) ), which is accompanied by elevated levels of intramyocellular fatty acyl-CoA ( Fig. 1(b) ). In contrast, intramyocellular triacylglycerols are only elevated in the morbidly-obese skeletal tissue ( Fig. 1(c) ). Thus, fatty acyl-CoA, or a derived lipid, are related to, and possibly responsible for, muscle insulin resistance.
Early steps in insulin signalling are decreased in insulin-resistant muscle
The first step in determining what causes skeletal muscle insulin resistance is to discern whether the defects exist in GLUT4 translocation or insulin signalling. Exercise and muscle contraction are known to stimulate skeletal muscle glucose transport, and contraction combined with insulin produce additive effects on glucose transport. These findings suggest that contraction and insulin stimulate glucose transport via two distinctly different mechanisms. In a series of experiments designed to test whether glucose transport can be stimulated in insulin-resistant muscle if a signal other than insulin is presented, it has been found that muscle contraction robustly stimulates glucose transport in muscle from obese Zucker rats (Dolan et al. 1993) . In human muscle preparations, using hypoxia as a stimulus, it has been shown that glucose transport can be stimulated in obese insulin-resistant tissue (Azevedo et al. 1995) . Stimulation of transport by hypoxia and muscle contraction occur by the same signalling pathway. These findings seem to confirm, therefore, that the glucose transport system (i.e. translocation and activation of glucose transporters) is intact in insulin-resistant muscle. In a series of experiments that measured the early steps of the insulin-signalling pathway in normal and insulinresistant muscle it has been found that autophosphorylation of the insulin receptor, phosphorylation of insulin receptor substrate 1 and activation of phosphotidylinositol 3-kinase are all depressed in incubated human muscle from obese insulin-resistant patients (Goodyear et al. 1995) . It has also been shown that insulin-receptor tyrosine kinase activity is reduced in muscle from obese patients and patients with type 2 diabetes (Caro et al. 1987; Zhou et al. 1999; Itani et al. 2000) . These defects in insulin signalling are believed to be a result of phosphorylation of the insulin receptor on serine and threonine residues. To further examine this possibility, the effect of removing phosphates from the insulin receptor has been investigated by measuring tyrosine kinase activity in isolated insulin receptors from rat and human skeletal muscle with and without alkaline phosphatases treatment. In both rats and human subjects alkaline phosphatases increase insulin-stimulated tyrosine kinase activity. Interestingly, the effect of removing the phosphate is much greater in insulin receptors from obese insulin-resistant skeletal muscle as compared with lean insulin-sensitive muscle (Zhou et al. 1999; Itani et al. 2000) . This finding suggests that insulin receptors from insulin-resistant muscles are more highly phosphorylated on serine and threonine residues than those of insulinsensitive muscles.
Activation of protein kinase C causes insulin resistance PKC can directly phosphorylate and inactivate the insulin receptor. Likewise, overexpression of PKC isoforms in cultured cells causes phosphorylation of the insulin receptor and insulin resistance (Bossenmaier et al. 1997) . These findings have led to the hypothesis in the scientific literature that PKC causes insulin resistance in skeletal muscle. To determine whether one of the PKC isoforms may be increased in insulin resistant muscle to cause phosphorylation of the insulin receptor, the protein content of eight PKC isoforms in the particulate fractions of muscles from lean and obese patients has been measured. The only PKC isoform that is increased in the insulinresistant muscle (obese) is PKCb. Basal PKCb is higher in the in vitro incubated muscle from obese individuals and insulin increases PKCb in the particulate fraction in muscle from obese patients but not in muscle from lean patients .
To demonstrate a cause and effect relationship between PKC activity and insulin action, human muscle strips have been incubated in the presence and absence of PKC activators and inhibitors. In insulin-resistant muscle the PKC inhibitor GF-109203X enhances insulin stimulation of glucose transport. In insulin-sensitive muscle incubation with the PKC activator 12-deoxyphorbol 13-phenylacetate causes insulin-stimulated glucose transport to be depressed . These data suggest that a PKC activator can cause insulin resistance and that a PKC inhibitor can reverse insulin resistance. Furthermore, using mouse PKC knock-out and overexpression models, it has been possible to demonstrate increases and decreases in insulin sensitivity respectively in the gastrocnemius muscle (S Itani and GL Dohm, unpublished results).
Other research groups have made observations that also implicate PKC in the development of lipid-induced insulin resistance. Griffin et al. (1999) , using a rat model, induced insulin resistance with a 5 h lipid-heparin infusion and observed a 50 % reduction in insulin-stimulated insulin receptor substrate 1-associated phosphotidylinositol 3-kinase activity, blunted insulin receptor substrate 1 autophosphorylation and a 4-fold increase in PKC activation. In human subjects Itani et al. (2002) , also employing a lipid-heparin infusion but following 6 h of infusion, found that insulin-stimulated glucose disposal is reduced by 43 %, and skeletal muscle DAG mass and PKC activity is increased 4-fold. These findings not only imply that PKC activation causes skeletal muscle insulin resistance but also demonstrate an association between DAG and PKC activation.
Intramyocellular lipids activate protein kinase C
Various intramyocellular lipid intermediates such as fatty acyl-CoA, ceramides and DAG inhibit specific steps in the insulin-signalling cascade (Schmitz-Peiffer, 2002) . Ceramides activate a protein phosphatase that dephosphorylates akt/protein kinase B resulting in inhibition of GLUT4 translocation and glycogen synthesis (Long & Pekala, 1996; Chavez et al. 2003) . Fatty acyl-CoA and DAG have been implicated in the activation of PKC in various tissues (Shulman, 2000; Cooney et al. 2002; Schmitz-Peiffer, 2002) . Fatty acyl-CoA have been shown to directly activate PKC in brain tissue (Shoyab, 1985; Bronfman et al. 1988 ) but these observations have yet to be observed in skeletal muscle. However, in models of high fat exposure intramyocellular fatty acyl-CoA are elevated in concert with increased PKC activation (Itani et al. 2002) . Moreover, fatty acyl-CoA are also implicated et al. 2003.) in the indirect activation of PKC, as they are the precursors for DAG formation. DAG levels are elevated in many models of insulin resistance (Schmitz-Peiffer, 2002 ) and these intermediates directly activate PKC (Kishimoto et al. 1980; Nishizuka, 1984; Ishizuka et al. 1990; Kawakami et al. 2002) .
What is causing intramyocellular lipid accumulation?
It is a logical assumption that fatty acyl-CoA accumulate in the cytosol of skeletal muscle as a result of decreased fatty acid oxidation and/or increased fatty acid uptake. This notion is supported by work from Kelley and colleagues (Kelley & Simoneau, 1994; Kelley et al. 1999) , who have demonstrated blunted fatty acid utilization and increased fatty acid uptake in skeletal muscle from patients with insulin-resistant disease states, such as obesity and type 2 diabetes. Previous work (Kim et al. 2000; Hulver et al. 2003) has shown decrements in skeletal muscle fatty acid oxidation in both whole homogenate and intact muscle preparations with obesity. Measurement of lipid metabolism in muscle strips from lean, moderately-obese and morbidly-obese patients (Hulver et al. 2003) has shown that fatty acid oxidation is reduced with morbid obesity but not with moderate obesity (Fig. 2(a) ). In the same samples fatty acyl-CoA content is markedly higher in muscle from moderately-and morbidly-obese patients but not in muscle from lean patients (Fig. 2(b) ). These findings are interesting, because fatty acyl-CoA are elevated in the moderately-obese tissue despite the presence of a high capacity to oxidize lipids. Furthermore, skeletal muscle from moderately-and morbidly-obese patients is equally insulin resistant ( Fig. 1(a) ). These data imply that a reduction in fatty acid oxidation is not a necessity for increased intramyocellular fatty acyl-CoA accumulation and suggest that mechanism(s) other than a blunted fatty et al. 2003.) acid oxidation may be responsible for intramyocellular fatty acyl-CoA accumulation. Greater fatty acid uptake may be a potential mechanism responsible for the accumulation of intramyocellular lipids. Work from the authors' group has demonstrated that plasma lipids are elevated with obesity (MacLean et al. 2000) . Thus, intramyocellular lipid accumulation may be a result of greater lipid supply to skeletal muscle and/or up regulated fatty acid transport into the muscle. To date, there have been no reports that have compared skeletal muscle fatty acid uptake in insulin-resistant and insulinsensitive muscle. However, the findings of a higher accumulation of fatty acyl-CoA in moderately-obese skeletal muscle, despite having the same levels of fatty acid oxidation compared with lean controls, suggest that fatty acid uptake is a likely culprit. Thus, it has been hypothesized that sarcolemmal and cytosolic transport of fatty acids is up regulated in insulin-resistant muscle, and experiments are currently underway to compare skeletal muscle fatty acid uptake in intact muscle strips from lean and obese patients. Fig. 3 demonstrates the understanding of the link between intramyocellular lipids and insulin resistance. Increases in the intramyocellular concentrations of lipid intermediates (i.e. fatty acyl-CoA, ceramides and DAG) not only correlate with insulin resistance, but also directly and indirectly alter insulin signalling. Phosphorylation of serine and threonine residues on the insulin receptor and insulin receptor substrate 1 have been shown to be the steps in which insulin signalling is altered. PKC has been shown to be activated by various intramyocellular lipids and is believed to be the molecule responsible for the phosphorylation of the serine and threonine residues. The exact mechanism responsible for the increased accumulation of fatty acyl-CoA and DAG is unclear at this time. However, a reduction in fatty acid oxidation does not appear to be necessary for the accumulation of fatty acyl-CoA within skeletal muscle. Thus, an up-regulation of skeletal muscle fatty acid uptake may be responsible for increased skeletal muscle lipid accumulation. 
Conclusion
(+) Fig. 3 . Some of the cellular mechanisms that link intramyocellular lipid accumulation with insulin resistance. DAG, diacylglycerols; TAG, triacylglycerols; IRS-1, insulin receptor substrate 1; PI3K, phosphatidylinositol 3-kinase; PDK, phosphatidylinositol-dependent kinase; akt/PKB, protein kinase B; PKC, protein kinase C; aPKC, atypical protein kinase C; PPase, protein phosphatase; CPT-1, carnitine palmitoyltransferase 1; (+), activation; (-), inhibition.
